The controlled formation of silicide materials is an ongoing challenge to facilitate the electrical contact of Si-based transistors. Due to the ongoing miniaturisation of the transistor, the silicide is trending to ever-thinner thickness's. The corresponding increase in surface-to-volume ratio emphasises the importance of low-energetic interfaces. Intriguingly, the thickness reduction of nickel silicides results in an abrupt change in phase sequence. This paper investigates the sequence of the silicides phases, and their preferential orientation with respect to the Si(001) substrate, for both 'thin' (i.e. 9 nm) and 'ultra-thin' (i.e. 3 nm) Ni films. Furthermore, as the addition of ternary elements is often considered in order to tailor the silicides' properties, additives of Al, Co and Pt are also included in this study.
Introduction
The nickel silicides have been studied thoroughly in the past due to the beneficial properties of NiSi (e.g. low sheet resistance, low Schottky Barrier Height, low formation temperature) for usage as contact material in Si-based transistor devices [1, 2, 3] . The phase formation process typically involves the 5 annealing of an as-deposited Ni film on top of a Si substrate, resulting in the sequential formation of δ-Ni 2 Si, θ-Ni 2 Si, NiSi and NiSi 2 [4, 5, 6, 7] . Recent investigation of this 'regular ' phase sequence for relatively thick Ni films (i.e.
for an as-deposited Ni thickness of e.g. 6 -30 nm) showed that the solid-phase reaction (SPR) includes a complex balance in thermodynamic parameters. For 10 example, the phase sequence is known to include θ-Ni 2 Si [5, 6, 7, 8] , a transient phase which is metastable. In addition to the observation of θ-Ni 2 Si, Gaudet et al. observes an unidentified epitaxial phase was also observed in the SPR at their lowest investigated temperature, i.e. 290
• C.
Due to the constant urge for miniaturisation in micro-electronic applica- 15 tions, the silicide contacts are trending to ever-thinner films. Surprisingly, for as-deposited and pure Ni films of only a few nanometres thick, no NiSi is formed [9, 10, 11] . It was already observed by Tung et al. in the early 80's that the phase sequence is significantly different when the as-deposited Ni layer is thinner than ca. 5 nm [12, 13] . In this 'ultrathin' SPR, the δ-Ni 2 Si and NiSi phases 20 are not formed and instead, NiSi 2 is already present at temperatures as low as 400
• C, at least 300
• C earlier than in the 'regular ' SPR. Intriguingly, an epitaxial, intermediate phase -with similar diffraction signature as observed in the 'regular' phase formation by Gaudet et al. [6] -was observed during this ultrathin SPR, prior to the formation of low-temperature NiSi 2 . The observa-25 tion that both silicide formation regimes first form the same epitaxial phase,
indicates that the origin of the shift from the regular regime to the ultra-thin regime should lie in the formation of subsequent phases. Films with these low thicknesses will receive a high energetic drive to optimise the interface alignment with the substrate. Therefore, the correlation between the silicide phase 30 sequence and the silicides' preferential orientation is of crucial importance for these sub-10 nm thin films.
An intriguing question is how both the regular, as well as in the ultrathin film regimes, is affected through the addition of ternary elements. Indeed, silicides are often tailored through the addition of alloying elements to the as-deposited 35 metal film, in order to alter the final properties of the formed phases [14, 15, 16, 4] . As one of the more contemporary examples, Pt-incorporation in NiSi films is known to improve the films' morphological stability, as well as to alter the preferential orientation to the Si substrate [16, 17] . Moreover, it is also reported that Pt can influence the thermodynamic stability of the intermediate silicide 40 such as δ-Ni 2 Si [18, 19, 8] . However, the influence of ternary elements on the solid-phase formation during the sequential growth of silicides in this sub-10 nm thickness region has not been studied in a systematic way. As we will show, these silicides are often epitaxially aligned with the substrate which renders them challenging to investigate by conventional, lab-based, Bragg-Brentano X- 45 ray diffraction (XRD).
This paper investigates the phase formation in both the 'thin' (i.e. with an as-deposited Ni thickness = 9 nm) and in the 'ultrathin' (i.e. Ni thickness = 3 nm) SPR regime and how this is influenced by alloying with Pt, Co and Al. These alloying elements were selected because of their different solubility in 50 the various nickel silicide phases. Through complementary synchrotron-based XRD measurements, we obtain a comprehensive understanding of the silicide formation, and preferential orientation of the resulting phases to the Si(001)
substrate, as a function of film thickness, alloying elements and annealing temperature. This enables a discussion how the solid-phase reaction and preferential 55 3 orientation are correlated in these sub-10 nm films.
Experimental methods
Thin Ni films of both 3 and 9 nm thick were deposited through physical vapour deposition (PVD) on top of single crystalline Si substrates with (001)
orientation. Samples for in situ sheet resistance measurements were sputtered 60 on silicon-on-insulator (SOI) substrates with identical orientation and a top Si thickness of 100 nm. Prior to the deposition, these wafers received a standard chemical cleaning, following the guidelines of the Radio Corporation of America (RCA), ending with a 20 s dip in 3 % HF solution.
After reaching a base pressure of 6 × 10 −7 mbar, the deposition chamber was and Pt sputter rates on the basis of XRR. We note that the alloying species were added in addition to the initial Ni content. As Co and Pt are known to replace Ni atoms during silicide formation, the addition of these alloying elements render an effective increase in the metal supply to form Ni x M y Si z (M = Co, Pt) compounds. Other papers therefore prefer to keep the metal supply 75 constant by reducing the Ni content when adding a ternary alloy, but such an approach is not easily translated to Al alloying, which is known to replace the Si atoms during silicide formation. For conciseness, these samples will be referred to as Ni(Al), Ni(Co) and Ni(Pt).
The samples were then annealed in a dedicated in situ X-ray diffraction
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(XRD) set-up at the X20C-beamline of the NSLS synchrotron (Brookhaven, USA). The synchrotron provides adequate X-ray brightness to investigate these ultra-thin samples. The solid-phase reaction between the film and the substrate was monitored during an anneal at a rate of 1 • C/ sec in a He(5 %H 2 ) ambient, 4 as these samples are otherwise prone to oxidation during the annealing process.
85
The X-rays, with a wavelength of λ = 0.180 nm (i.e. an energy of 6.88 keV) diffract on the sample in a fixed geometry, therefore only monitoring diffraction signal originating from planes nearly-parallel to the sample's surface. The diffracted intensities were monitored using a custom-build linear detector with a total angular acceptance of 14°in 2θ. These diffractograms are plotted as 90 a function of temperature and diffraction angle using a grayscale map for the recorded intensity values, where black indicates the highest intensity. A similar annealing set-up was used for in situ sheet resistance measurements during temperature treatment through a four-point probe approach with identical annealing conditions. The measured resistance of the samples were at least one 95 order of magnitude lower compared than the in situ resistance of bare SOI substrates at each temperature. The set-up does not guarantee an identical probe geometry between separate measurements, and as such the measured resistances will be plotted on a relative scale, instead of an absolute scale, as a function of temperature.
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As-deposited samples were alternatively quenched from specific temperatures for ex situ pole-figure measurements for crystal phase identification and characterisation of the preferential orientation, also known as crystalline texture. A total of 100 samples were measured in order to obtain a quasi-continuous dataset as a function of quench temperature. These ex situ measurements were 105 performed at the DiffAbs beamline of the SOLEIL synchrotron (Gif-sur-Yvette, France) [20] . The incidence X-ray beam is monochromatized using a doublecrystal monochromator to a wavelength of λ = 1.55 nm (i.e. an energy of 8 keV).
A 6-circles diffractometer in kappa geometry was used together with a hybrid pixel area detector (XPAD detector of 240 × 560 pixels, with a pixel size of 110 130 by 130 µm) [21, 22, 23, 24] . The long side of the detector was mounted in the 2θ direction, resulting in an angular acceptance determined to be 32°, and around 13°in the perpendicular direction. The area detector acquired a snapshot every 100 ms during a continuous in-plane rotation of the samples' azimuth (denoted as the φ angle), rotating at a speed of 8°s −1 and covering 110°in φ.
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The sample was then rotated in the elevation angle χ in steps of 5°from 0 to 85°, rendering significant overlap between two sequential χ steps. This set-up enables the measurement of a set of pole figures within 4.5 min. Every sample was measured at least three times without re-aligning the sample, in order to obtain adequate diffraction statistics for these sub-10 nm thin films.
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The raw data were re-calculated to angular (χ, φ and 2θ) space and the resulting datasets are presented in this paper in polar coordinates with an equalarea projection and a logarithmic-intensity gray-scale with black indicating the highest intensities. The acquired data were symmetrized to a full 360°φ coverage, exploiting the four-fold symmetry of the Si(001) substrate. These pole
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figures were analysed using a home-developed software package, GUSTAV [25] , in order to determine the preferential orientations of the silicides.
Results
We report on the SPR between the (un)alloyed Ni films with the Si substrate for two different Ni thicknesses: 3 and 9 nm. As mentioned in the previous temperature window of ca. 20
• C around 300
• C was discussed in a study by
Gaudet et al. [6] , and is related to a fiber-textured θ-Ni 2 Si . This θ-Ni 2 Si phase (of which a selection will be discussed further) were used to corroborate the phase identification and their texture during the analysis.
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In the following overview of our results concerning the 9 nm Ni films, we first discuss the texture of every occurring phase, as observed for the four differentlyalloyed samples. Thereafter, the change in diffracted intensities of those phases is addressed as a function of temperature, which allows to interpret the rate of formation and consumption of these phases and compare these with in situ
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XRD measurements. Si(220) diffraction peak is always visable and indicated with a gray cross. 
Overview of observed textures. (Table 2 , where A θ has the highest observed diffracted intensity) [27, 26] , whose positions are overlaid by green circles in figures 2ii. The approximate alignment for the {0001} planes are also given to initiate further discussion. It is interesting to note that we observed no diffraction signal originating from θ-Ni 2 Si that is aligned in a random distribution with the substrate, which explains their absence 
Symbol
Plane alignments ∆χ (°) ∆φ (°) occurrence At higher temperatures, the NiSi phase is present within all of the samples.
Pole figures for this NiSi phase (Fig 2) exhibit a complex pattern of circular features, which is indicative for the axiotaxial texture previously discussed by Fig.   4 ). The angular mismatch between the film and substrate, as calculated from the proposed alignments, are given in terms of ∆χ and ∆φ. Detavernier et al. [33] . The axiotaxy originates from the preferential alignment The intensity of these circular features is, however, significantly reduced for the
Symbol Plane alignments ∆χ (°) ∆φ (°) occurrence
A N iSi ( ) (101) N iSi ∼ //(101) Si 0 0 Ni(Pt), 9 & 3 nm (300) N iSi ∼ //(222) Si 3.7 2.9 (010) N iSi ∼ //(101) Si 0 0 B N iSi ( ) (211) N iSi ∼ //(220) Si 0 0.96 Ni(Pt) 9 nm (013) N iSi ∼ //(110) Si 0 0 (100) N iSi ∼ //(111) Si 4.78 0 C N iSi ( ) (211) N iSi ∼ //(022) Si 1.
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Ni(Al) sample, where the NiSi phase diffracts more uniformly for every χ and φ value, indicating a more random distribution of the grains' orientations ( Fig.   2b-iv) . NiSi formed from the Ni(Pt) sample also contains local diffraction spots of higher intensity along the circular features, indicating that the rotational freedom, which is allowed along the axiotaxial rotation axis, is reduced with a 260 second alignment condition, thus pinning these grains in an epitaxial alignment ( Fig. 2d-iv) . The fitted epitaxial components are displayed in figure 4 and listed in Table 4 . served phase in the ex situ pole-figure measurements, a specific region within χ, φ and 2θ was selected that was isolated from the diffraction of other phases, and the diffraction intensity was subsequently fitted after a local background subtraction. The evolution of the fitted intensities as a function of temperature is displayed in figure 6 . In order to depict the evolution of the different 280 phases as a function of temperature, we have plotted the relative intensity, i.e.
normalized to the maximum observed intensity of that particular phase while differentiating for the four different as-deposited compositions. This provides an overview of the phase sequence similar to the in situ XRD technique, but the pole figures allowed to include textured phases such as epitaxial θ-Ni 2 Si.
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The arrows between different phases will be further explained in the discussion section.
In the in situ XRD measurements, a small temperature window exists for the Ni and Ni(Co) sample where diffraction was observed at 2θ = 56.4°, related to a fiber-textured θ-Ni 2 Si [6], which is not observed within the pole-figure measure-290 ments. We relate this inconsistency to either an instability of this phase during quenching, or that this particular phase's temperature window is slightly smaller than the temperature difference between two ex situ pole-figure quenches.
3nm Ni films
For Ni films of 3 nm as-deposited thickness, a slightly different approach was al. [9] . Alternatively, in situ sheet resistance measurements can be used to monitor transitions of the formed silicides during the annealing. Indeed, as 300 shown in figure 7a , the sheet resistance of an unalloyed Ni film shows relatively high resistance between 150 and 300 • C, followed by a decrease between 300 and 400
• C. Thereafter, the resistance decreases at slower pace further up to 850
Similar behaviour is observed for Ni(Al) and Ni(Co). The sheet resistance in Ni(Pt) also contains a decrease in sheet resistance around 340
• C, within a 305 narrower temperature window. However, the low-resistive state is only stable up to 600
• C, after which the resistance dramatically increases, which is typically observed when NiSi is agglomerating [34, 4, 9] .
The in situ sheet resistance measurements allow to determine that a significant change in the sample structure is occurring between 300 and 400
fore, quenches were made for ex situ pole-figure investigation every 12.5
• C between 325 and 400
• C, in addition to an as-deposited film and samples quenched at 150, 200, 300, 450 and 850
• C (Fig. 7e) . A selection of the acquired pole-figure datasets is displayed in figure 8 .
The absence of diffraction intensity from an as-deposited layer can be un-315 derstood, as it is known that the sputter deposition process of the first Ni monolayers form an amorphous, intermixed, Ni(Si) layer [9, 35] . It is suggested that this amorphous layer contains an inherent concentration gradient, which could promote the formation of θ-Ni 2 Si as this phase can locally adapt its composition within a range of 33 up to 42 at % Si [36, 37] . For these ultrathin films, We can assume that the slow consumption of θ-Ni 2 Si for Ni, Ni(Al) and Ni(Co) is associated with the formation of epitaxial NiSi 2 , based on the liter- ature [12, 13, 38, 9, 26, 10, 11] . This is corroborated by the slow decrease of 
Discussion
Our in situ XRD and ex situ pole-figure measurements clearly indicate that alloying not only influences the temperature windows in which specific silicide phases occur, but also can change the phase sequence (e.g. through the for-350 mation of NiSi in the ultrathin thickness regime with Pt alloying) as well as the preferential orientation of the occurring phases. We first discuss the observed change in phase sequence and temperature window in the context of alloy solubility. Thereafter, we discuss and rationalise the observed preferential orientations.
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Influence of alloying on phase formation
The temperature windows of the presence of δ-Ni 2 Si, θ-Ni 2 Si, and NiSi are significantly influenced through alloying for 9 nm Ni films, as depicted in figures according to ex situ pole-figure and in situ XRD measurements (Fig. 1, 6 ) to stabilise the δ-Ni 2 Si phase up to higher temperatures. We correlate these changes in the observed temperature windows with the solubility of the alloying element in the silicide phase (the maximum atomic concentration that can be in solid-solution within the silicide compounds are tabulated in Table 5 tomography, as Pt is segregated to the grain boundaries of δ-Ni 2 Si, also known as the snowplough effect [18, 19] . On the other hand, a soluble alloy will enable an increase in entropy within a silicide grain, and as such, potentially lower the nucleation energy barrier to form this new phase. Through this argument, we can understand several aspects of the observed phase sequence for the 9 nm at grain boundaries will also contribute to the observed shifts in temperature windows. This will be discussed further below.
For 3 nm Ni layers, it is remarkable that the formation of the epitaxial θ- be observed in the growth profile within the ultrathin film region. This is again corroborated through the texture of θ-Ni 2 Si: although the texture of other silicides changes remarkably with the addition of a ternary element (Figures 3 4) , the same epitaxy is always observed for θ-Ni 2 Si, independent of as-deposited composition or thickness (Figures 2 8) .
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Influence of alloying on preferential orientation -examples of texture inheritance
Not only the temperature windows of the observed phases is influenced through alloying, but also the silicides' preferential orientation with respect to the Si substrate. The most remarkable changes can be found in the texture of δ-Ni 2 Si, where an epitaxial orientation is observed for Ni and Ni(Pt) and a 425 fiber texture for Ni(Co) (Fig. 3 and Table 3) ). Moreover, the overview of polefigure measurements (Fig. 2) illustrates that the fiber texture is most clearly A more remarkable texture inheritance is indicated by our measurements on some of the observed epitaxial orientations. We explain this phenomenon on the basis of the epitaxially textured δ-Ni 2 Si when Pt is added as a ternary element.
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The epitaxial alignment of δ-Ni 2 Si , which is not present when δ-Ni 2 Si is formed from an unalloyed Ni film (Fig. 3) , would be hard to explain on solubility arguments alone, as the solubility of Pt in δ-Ni 2 Si is very low. However, this phase is formed at expense of the preceding, epitaxially-aligned, θ-Ni 2 Si (Fig.   6 ), and thus texture inheritance is possible provided that the crystal structures 445 are related. Indeed, a minimal atomic movement is required to transform the θ-Ni 2 Si into δ-Ni 2 Si, as illustrated in figure 11a . The corresponding transforming planes are then: {010} δ //{0001} θ for the basal plane, and {001} δ //{1120} θ or {301} δ //{1120} θ , depending on a rotation of 60°due to the hexagonal symmetry of θ-Ni 2 Si. These transformation rules well explain the change of A θ and B θ 450 epitaxy into A δ and B δ , respectively. This is easily seen by transforming the epitaxies from Table 3 into those listed in Table 2 , taking into account the symmetry of θ-Ni 2 Si and the Si(001) substrate, and that an epitaxial orientation is defined by fixating the orientation of two sets of non-parallel planes. This texture inheritance not only minimises the required atomic mobility for the Si 455 atoms, but also reduces the interface energy between the nucleated δ-Ni 2 Si grain and the existing θ-Ni 2 Si grain through plane-to-plane matching.
The epitaxial alignment of NiSi, which is also observed when Pt is added to the as-deposited Ni layer, can also be understood through similar epitaxialtexture inheritance arguments. Figure 11b shows that the transformation from 
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[6]) in both directions between θ-Ni 2 Si and δ-Ni 2 Si illustrates the competitive growth of these layers.
Finally, the formation of NiSi 2 out of θ-Ni 2 Si for the ultra-thin, 3 nm Ni films also correlates with texture inheritance (Fig. 9) . The transformation rules for the formation of type-A epitaxial NiSi 2 out of the epitaxial A θ θ-Ni 2 Si can indeed 495 be associated with minimal atomic movement. This is, however, less evident for the transition between B θ and A N iSi2 . It was previously suggested [10] that the low-temperature NiSi 2 formation in the ultra-thin regime, instead of NiSi, is the result of a much lower interface energy. Our observations corroborate this, as one epitaxial phase transforms into another, and by consequence the 500 interface energy remains low throughout the transition both at the heterophase silicon-silicide interface, but also at the interface with the consumed silicide.
This work investigates the altered solid-phase reaction through alloying and 28 thickness reduction. The improved thermal and morphological stability of the silicide contact was already long known in literature [12, 16] , and the effect 505 of texture inheritance reported here further enhances our understanding of the underlying kinetics. A change of in preferential orientation and altered agglomeration behaviour of silicide contacts also have been reported through e.g.
reducing the in-plane dimension of the contact [46, 47] , removing the crystalline template from the substrate through pre-amorphisation implant [48, 49, 50] or 510 by alternating the available thermal budget during deposition [51, 52] and annealing [53, 54] . The current study therefore indicates that modern experimental techniques can further understand binary and ternary solid-phase reactions.
Conclusions
The phase formation between thin Ni films of 3 and 9 nm thickness deposited 
